To evaluate the association between severe retinopathy of prematurity (ROP), measures of brain morphology at term-equivalent age (TEA), and neurodevelopmental outcome. METHODS: Eighteen infants with severe ROP (median gestational age (GA) 25.3 (range 24.6-25.9 weeks) were included in this retrospective case-control study. Each infant was matched to two extremely preterm control infants (n = 36) by GA, birth weight, sex, and brain injury. T2-weighted images were obtained on a 3 T magnetic resonance imaging (MRI) at TEA. Brain volumes were computed using an automatic segmentation method. In addition, cortical folding metrics were extracted. Neurodevelopment was formally assessed at the ages of 15 and 24 months. RESULTS: Infants with severe ROP had smaller cerebellar volumes (21.4 ± 3.2 vs. 23.1 ± 2.6 ml; P = 0.04) and brainstem volumes (5.4 ± 0.5 ml vs. 5.8 ± 0.5 ml; P = 0.01) compared with matched control infants. Furthermore, ROP patients showed a significantly lower development quotient (Griffiths Mental Development Scales) at the age of 15 months (93 ± 15 vs. 102 ± 10; P = 0.01) and lower fine motor scores (10 ± 3 vs. 12 ± 2; P = 0.02) on Bayley Scales (Third Edition) at the age of 24 months. CONCLUSION: Severe ROP was associated with smaller volumes of the cerebellum and brainstem and with poorer early neurodevelopmental outcome. Follow-up through childhood is needed to evaluate the long-term consequences of our findings.
R etinopathy of prematurity (ROP) is a retinal vasoproliferative disease of the very preterm infant and a major cause of blindness in children (1) (2) (3) . It is thought to account for~13% of childhood blindness in developed countries (3) .
When infants are born prematurely, the retina is not fully vascularized. Insulin-like growth factor-1 (IGF-1) and vascular endothelial growth factor (VEGF) are two essential growth factors that need to be in balance for normal retinal vessel growth (4) . Peri-and postnatal infections, postnatal undernutrition, and fluctuating oxygen levels-as a result of an immature respiratory system and neonatal illness-may impede IGF-1 production in the preterm infant (5) . Concomitantly, VEGF is relatively suppressed by higher oxygen levels present in the extrauterine environment. The combination of VEGF suppression and IGF-1 reduction may result in loss of retinal blood vessels and delayed vessel growth, leaving the peripheral retina avascular. This vasoobliterative period is called the first phase of ROP. Later during the second phase of ROP, hypoxia in the avascular retina upregulates VEGF, resulting in neovascularization on the verge of the vascularized and avascularized retina, forming the most important risk factor for permanent visual impairment due to retinal detachment (4) . Increasing IGF-1 concentrations, due to catch up growth of the preterm infant in this period, contribute to this uncontrolled neovascularization (5) .
Hence, the retina undergoes substantial development during the extrauterine third trimester that is susceptible to disturbances. Similarly, the cerebral cortex and cerebellum develop rapidly during this period and are vulnerable to disruptive environmental factors (6) . Furthermore, brain development is dependent on IGF-1 (ref. 7) . Animal studies have revealed its importance in angiogenesis, neurogenesis, maturation, proliferation, differentiation, and myelination (7, 8) . Given their overlap in timing of rapid growth and development as well as the common role of IGF-1 (refs 9-11), there may be a relationship between ROP and morphological brain development, which has not been studied so far.
In this case-control study, we investigated the association between severe ROP and morphological brain development assessed using magnetic resonance imaging (MRI) at a termequivalent age (TEA). To this end, we compared brain volumes of major brain structures and measures of cortical morphology between preterm infants with severe ROP and control infants who were matched by gestational age (GA), birth weight (BW), and sex. We hypothesized that preterm infants with ROP would exhibit smaller brain volumes and reduced complexity of cortical gyrification compared with preterm control infants. As a secondary objective, we studied the relationship between severe ROP and neurodevelopmental outcome evaluated at the age of 15 months and 2 years' corrected age (CA). Cognitive and motor performances were hypothesized to be poorer in infants with severe ROP.
METHODS

Study Population
In this case-control study, 18 infants with severe ROP were included. Severe ROP was defined as ROP treated with laser therapy, and included grade 3 with plus disease or type 1 ROP. Diagnosis of ROP was first made by an ophthalmologist when all infants born o30 weeks' GA are routinely screened for this condition. Infants with ROP were selected from a large population of preterm infants who had been admitted to the level-three NICU of the Wilhelmina Children's Hospital, University Medical Center Utrecht, the Netherlands, between June 2009 and June 2015 and who had a good-quality cerebral MRI at TEA. For each ROP patient, two control infants were selected and matched by GA, BW, sex, year of birth, and brain injury defined as intraventricular hemorrhage grade I and II, diagnosed with cranial ultrasound or MRI according to Papile et al. (12) . Matching was performed using propensity scores in SPSS (Armonk, NY, USA). Infants with severe brain lesions defined as intraventricular hemorrhage grade ≥ III or cystic periventricular leukomalacia and those with chromosomal anomalies, genetic syndromes, inborn errors of metabolism, and/or congenital infections of the central nervous system were excluded. The total study population consisted of 18 patients with severe ROP and 36 controls without ROP (n = 27) or with mild ROP (grade 1, n = 9). The Institutional Review Board of our institution granted permission for using the clinically acquired data for research purposes. Data were analyzed anonymously and written informed consent was waived by the Institutional Review Board because of the use of clinically acquired, anonymous data. Procedure MRI. MRI examinations were performed on a 3-tesla system at TEA as part of routine clinical care. Prior to scanning, infants were sedated with chloralhydrate (50-60 mg/kg) administered through a nasogastric tube as per the clinical protocol. During the MRI procedure, hearing protection was provided using two pairs of earmuffs (Minimuffs, Natus Medical Incorporated, San Carlos, CA, and Em's 4 Kids, Culver City, CA). Heart rate, transcutaneous oxygen saturation, and respiratory rate were continuously monitored, and a neonatologist or physician assistant was present throughout the entire procedure.
During Kidokoro et al. (14) ) were assessed using both T1-and T2-weighted images. Transcerebellar diameter was measured on coronal T2-weighted images as previously described by Kidokoro et al. and Tich et al. (14, 15) . A representative example of twodimensional transcerebellar measurements is provided in Figure 1 .
Brain volumes and cortical folding parameters. Unmyelinated white matter (UWM), cortical grey matter (CoGM), cerebellum, brainstem (BS), ventricular and extracerebral cerebrospinal fluid volumes (ml) were automatically segmented on coronal T2-weighted images using an automated segmentation method that employed convolutional neural networks. The segmentation method is described in detail in Moeskops et al. (16) . From the UWM and CoGM segmentation, the following cortical folding parameters were calculated: inner CoGM surface area in mm 2 -defined as the border between the UWM and the CoGM segmentations-and the gyrification index, which is computed as the ratio between the inner CoGM surface and a smooth hull around the UWM segmentation (17) . All segmentations were visually inspected for quality assurance, and minor manual adaptations were performed in case of voxel misclassification. Absolute volumes as well as relative volumes-computed as the percentage of intracranial volume of each brain volume-were used for the analysis. Cerebrospinal fluid volumes in the ventricles and surrounding the brain were combined for the analysis (from here on referred to as CSF). Representative examples of brain tissue segmentations are provided in Figure 2 .
Neurodevelopmental outcome. Neurodevelopmental outcome was assessed at 15 months' (15 ROP infants and 30 controls) CA using the Griffiths Mental Developmental Scales, which comprises the following five subscales: locomotor function, personal social functioning, hearing and language, eye and hand coordination, and performance. For each infant, a development quotient (mean and SD in a normative population 100 ± 12) was derived from these subscales. At 2 years' CA, cognitive, fine, and gross motor functioning were assessed using the Bayley Scales of Infant and Toddler Development, Third Edition (BSITD-III; normative mean in a Dutch reference population 100 ± 15; ROP n = 15, controls n = 30) (18). For three ROP infants, outcome data at the age of 15 and 24 months were not available.
Statistical Analysis
Statistical procedures were performed using R (www.r-project.org) and SPSS statistics (IBM, Armonk, NY). Baseline characteristics between ROP patients and controls were compared using independent t-tests for normally distributed variables and Mann-Whitney U-tests and χ 2 -tests for non-normally distributed or categorical variables. Multivariable pairwise regression models were undertaken to compare brain volumes, descriptors of cortical folding, transcerebellar diameter, and neurodevelopmental outcome between the two groups, entering ROP as a variable of interest.
Baseline characteristics were compared and variables that were significantly different between the groups were entered as covariates in the model. In case of multicollinearity, the variable that was most likely related to ROP based on literature findings was selected.
Therefore, bronchopulmonary dysplasia (BPD), defined as need of supplemental oxygen at 36 weeks' postmenstrual age (PMA), and multiple birth were included in de model. Neurodevelopmental outcome data were corrected for age at time of assessment. As maternal educational level has a significant impact on cognitive functioning, especially in infancy and early childhood (19) , we compared the level of maternal education between the groups before analyses of neurodevelopmental outcome. No significant differences were found between ROP patients and controls. Therefore, this factor was not entered as a covariate in the multivariate model. Normally distributed variables are listed as their mean and SD and variables that were not normal distributed are provided as median and interquartile range in the Results section. A two-sided P value o0.05 was considered statistically significant.
RESULTS
Clinical characteristics of the study population are outlined in Table 1 . There were indeed no significant differences in GA, BW, sex, and intraventricular hemorrhage between infants with severe ROP and control infants as infants were matched. BPD was more common in ROP infants (14 (78%) vs. 11 (31%) infants, P = 0.001, χ 2 = 10.8). ROP infants received significantly more erythrocyte transfusions (8 (6-10) vs. 5 (3-7), Po0.0001) and there were more multiple births in the ROP group (10 (56%) vs. 7 (19%), P = 0.03, χ 2 = 7.3).
Brain Volumes and Cortical Folding
Preterm infants with severe ROP showed significantly smaller absolute cerebellar volumes (P = 0.04, 21.4 ± 3.2 vs. 23.1 ± 2.6 ml) and relative cerebellar volumes (P = 0.048, 4.7 ± 0.14% vs. 5.1 ± 0.09%) compared with controls. BS volumes were also significantly smaller in ROP infants: absolute BS volume, P = 0.01, 5.4 ± 0.5 ml vs. 5.8 ± 0.5 ml, and relative BS volume, P = 0.02, 1.2 ± 0.03% vs. 1.3 ± 0.1%. Results are illustrated in Figure 3 . In addition, infants with severe ROP showed a significantly smaller transcerebellar diameter (P = 0.04, 5.0 ± 0.06 vs. 5.2 ± 0.06 cm). Entering BPD or multiple births in the model had no significant effect on the association between severe ROP and brain volumes or transcerebellar diameter. No significant differences in CoGM volumes, UWM volume, and CSF volumes were observed between ROP infants and controls. In addition, there were no significant differences in measures of cortical development including cortical surface area and the gyrification index.
Neurodevelopmental Outcome
ROP patients showed a significantly lower development quotient on the Griffiths Mental Developmental Scales at 15 months' CA (P = 0.01, 93 ± 15 vs. 102 ± 10). Furthermore, ROP patients exhibited significantly lower fine motor scores (P = 0.02, 10 ± 3 vs. 12 ± 2) on the BSITD-III at 2 years' CA. No significant differences were observed in cognitive and gross motor scores at the age of 2 years. Outcome data are presented in Table 2 . BPD and multiple births did not significantly influence the relationship between severe ROP and neurodevelopmental outcome.
Visual Outcome
In this cohort visual outcome data were available for 16/18 (89%) infants with severe ROP and no data were available for control infants. Fourteen infants had no visual impairment, Articles | Drost et al.
two infants suffered from unilateral blindness, and 44% of the infants (7/16) were older than 4 years at the age of ophthalmological follow-up. One of the visually impaired ROP infants was not included in the neurodevelopmental outcome analysis because neurodevelopmental outcome could not be assessed. After excluding the visually impaired infant from the analyses, fine motor scores remained significantly lower in infants with severe ROP compared with preterm control infants.
DISCUSSION
In this case-control study we observed smaller volumes of the cerebellum and associated smaller transcerebellar diameter at TEA in preterm infants with severe ROP compared with control infants who were matched by GA, BW, and sex. Furthermore, ROP patients had significantly smaller BS volumes and poorer early neurodevelopmental outcome. To our knowledge, this is the first study to make direct comparisons of early brain growth and neurodevelopment between infants with severe ROP and preterm infants without this complication. A Swedish study showed low IGF-1 serum concentrations to be associated with reduced cerebellar volume in preterm infants (9) . Although direct comparisons cannot be made, there may be substantial overlap between the observations of the latter study and the present study. IGF-1 is involved in the pathophysiology of ROP as well as in brain growth, and development may have an important mechanistic role in the association between ROP and brain development.
Retinal vessels emerge from the fourth month of pregnancy under control of IGF-1 and VEGF in particular, and are typically mature by 36-40 weeks' gestation (20) . Concomitantly, the brain-and specifically the cerebellum-develops rapidly, which makes it vulnerable to environmental changes that may occur during this critical period. Such changes include a rapid fall in IGF-1 after preterm birth and persistent low IGF-1 concentrations in the weeks thereafter.
We hypothesize that disruptions in IGF-1 may be the common underlying pathway for abnormal development of the retina, cerebellum, and BS in the preterm period, when these processes take place in an extrauterine environment. During the first phase of ROP, retinal vessel outgrowth is suppressed because of low levels of IGF-1 (and VEGF). During the second vasoproliferative phase, neovascularizations are formed because of retinal hypoxia causing increased VEGF release. During this phase, IGF-1 levels should have reached sufficient values for vascular growth. IGF-1 is also essential for the developing brain and has been demonstrated to be important for axon maturation and myelination in the BS (21) . In the cerebellum, IGF-1 promotes development and survival of cerebellar neurons, such as Purkinje cells (22) . A number of rodent studies have demonstrated that IGF-1 receptor expression is higher in the cerebellum and BS (23, 24) . Smaller cerebellum and BS volumes may, therefore, be related to high IGF-1 receptor expression in these structures in preterm infants as well. However, IGF-1 levels were not measured in this study population. Repeating this study by including sequential measurements of IGF-1 serum concentrations to investigate the role of IGF-1 in impaired brain development of ROP patients would be highly relevant. Alternatively, ROP and brain development may both be susceptible to environmental disturbances because they both proceed at a rapid pace during the preterm period. In addition to low IGF-1 levels, other important factors that could have an impact on brain development include inflammation, infection, hypoxia and hyperoxia, and postnatal malnutrition (6, (25) (26) (27) . Articles | Drost et al.
We were able to show that preterm-born children with severe ROP displayed a significantly lower development quotient and lower fine motor scores at 15 and 24 months' CA, which is in agreement with other publications (28, 29) . Smaller brain volumes and impaired cortical development have been associated with neurodevelopmental deficits that persist through childhood and adolescence (30) . Specifically, smaller cerebellar volumes have been associated with poorer cognitive outcome, impaired executive functioning, lower motor performance, and increased risk of autism spectrum disorder (30) (31) (32) (33) . The cerebellum has increasingly been recognized to be of major importance for cognitive functioning and exerts this role through cerebellar pathways (25, 32, 34) . The cerebellum acts as a control center for higher-order cortical regions (32) and, therefore, early disruptions in cerebellar growth could have an impact on the developing cerebral cortex and in this way affect movement, cognition, and affective regulation (32) .
Given the previously described associations between reduced brain volumes and neurodevelopmental outcome, it is particularly relevant to identify infants at risk of long-term neurodevelopmental impairments at an early age (35) . Our study underscores the importance of early identification of infants with ROP and the need to examine the brain, including the cerebellum, in these infants. Recently, Davis et al. discussed an overview of neuroprotective therapies that have been proposed in recent years (36) . Many of these children develop disturbances of neuromotor development; special education or preventive psychological programs could benefit these children (35, 37) .
We hypothesized that cortical development would be negatively related to ROP because the cortex develops rapidly in the last trimester of pregnancy (17) and may be susceptible to expected reduced IGF-1 concentrations (9) and other negative environmental and epigenetic influences, potentially associated with severe ROP. However, no association was found in this group with ROP patients. In addition, severe ROP was not related to UWM and CoGM volume in this case-control study. Hence, impaired cortical and white matter development in preterm infants may be related to overall illness severity instead of ROP specifically.
In our study, neonatal morbidity was comparable between infants with ROP and control infants. Nevertheless, erythrocyte transfusions, multiple birth, and BPD were more common in ROP patients. Erythrocyte transfusions were not included in the multivariate model because BPD and erythrocyte transfusions were strongly inter-related. Some studies noted that BPD and multiple birth are related to smaller brain volumes and neurodevelopment (6, 38) . In the multivariable model of this study, BPD and multiple births had no significant effect on brain volumes and neurodevelopment, suggesting that reduced brain volumes and lower neurodevelopmental scores in ROP patients may be independently related to the pathophysiology and/or possibly the treatment of severe ROP.
Severe ROP could have a negative effect on neurodevelopment because of visual impairment. In this cohort, visual outcome data were available for most of the ROP infants (89%). Hence, visual impairment could not explain our observations.
There are some limitations that need to be addressed. First, the sample size was small because we only included infants with severe ROP. Fortunately, the incidence of severe ROP is relatively low in our population of extremely preterm infants (39) . Because of this small number of infants, our study was not powered to detect all potential changes in neonatal brain growth. Therefore, we underscore that the present study should be repeated in a larger sample. Particularly, regions that are closely connected to the cerebellum may be of interest in such additional studies. A second methodological consideration is that at the time of the analyses not all infants had reached 15 months' or 2 years' CA, and, therefore, we were not able to assess neurodevelopment at this time point in all infants. Nevertheless, medium-term infancy data were available for the majority of infants (83%) and, therefore, a good estimate of early-life cognitive and motor functioning could be obtained. Long-term neurodevelopmental outcome data at school age, including executive functions, are yet unknown, but are of particular interest with respect to the hypotheses.
In conclusion, we observed smaller cerebellar volumes, cerebellar diameter, and BS volumes in preterm infants with severe ROP compared with matched preterm control infants. Preterm infants with ROP also showed lower overall developmental scores in infancy and poorer fine motor functioning at 2 years' CA. Findings of our study do suggest that preterm-born children with severe ROP are at risk of impaired brain growth of the cerebellum and BS and may be at risk of neurodevelopmental impairment persistent throughout childhood. The underlying mechanism of the association between ROP and early volumetric brain development remains elusive and may be related to alterations in IGF-1 production, which requires further study. In addition, future research is needed to assess the relation of our findings with long-term cognitive and motor functioning.
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